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Abstract: High level DLPNO–CCSD(T) electronic structure calculations with extended basis sets
over B3LYP–D3 optimized geometries indicate that the three methyl groups in caffeine overcome
steric hindrance to adopt uncommon conformations, each one placing a C–H bond on the same
plane of the aromatic system, leading to the C–H bonds eclipsing one carbonyl group, one heavily
delocalized C–N bond constituent of the fused double ring aromatic system, and one C–H bond
from the imidazole ring. Deletion of indiscriminate and selective non-Lewis orbitals unequivocally
show that hyperconjugation in the form of a bidirectional –CH3 � aromatic system charge transfer
is responsible for these puzzling conformations. The structural preferences in caffeine are exclusively
determined by orbital interactions, ruling out electrostatics, induction, bond critical points, and
density redistribution because the steric effect, the allylic effect, the Quantum Theory of Atoms in
Molecules (QTAIM), and the non-covalent interactions (NCI), all predict wrong energetic orderings.
Tiny rotational barriers, not exceeding 1.3 kcal/mol suggest that at room conditions, each methyl
group either acts as a free rotor or adopts fluxional behavior, thus preventing accurate determination
of their conformations. In this context, our results supersede current experimental ambiguity in the
assignation of methyl conformation in caffeine and, more generally, in methylated xanthines and
their derivatives.

Keywords: caffeine; NBO; hyperconjugation; methyl rotation

1. Introduction

Caffeine is a psychoactive drug of the xanthines family with proven health and
cognition benefits. Caffeine is the basis of a multibillion industry world wide and belongs
to a short list (nicotine, theobromine, theophylline, etc.) of alkaloids that are legal to
consume without limitations but whose content in food, beverages, and supplements
is regulated by the FDA [1]. Synthetic routes are available [2] to produce the industrial
quantities needed for the global demand that caffeine of natural origins cannot satisfy. The
scientific literature covering all aspects of caffeine is vast [3–8].

Molecular structure determines molecular function and most of the properties of
substances, including metabolism and biological action, therefore, accurate determination
of molecular structure is certainly one of the top priorities of chemists working in every
sub field. All heavy atoms in caffeine molecules are coplanar yielding a ten π–electron
aromatic core [9–11], however, the positions of the hydrogen atoms in the three methyl
groups have not been unambiguously determined. A number of factors contribute to the
solid and liquid structure of caffeine, among them π-π stacking seems to play a pivotal
role. In this regard, studies of the structures of dimers and trimers indicate that the methyl
groups from the interacting molecules are placed as far apart from each other so as to
maximize the interaction between the two π clouds [5]. Additional studies explore the role
of up to five explicit water molecules in the structure of the dimers and found that at those
low molecularities the water molecules prefer the polar regions of caffeine [12]. Figure 1
shows the associated π cloud which will be discussed later and serves to introduce a useful
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notation: in what follows, we refer to the methyl groups as M1 (top left at the pyrimidine
ring), M2 (bottom of the pyrimide ring), and M3 (at the imidazole ring). Notice that all
methyl groups have different chemical environments and thus each internal rotation must
be analyzed in detail. Within caffeine, methyl rotations are heavily influenced among
other factors by the 1,3–allylic effect [13,14] (M3 is separated by four atoms from the
nearest carbonyl group and thus is only affected by remote allylic interactions), by the π
density of the heavily conjugated system, by the ability to form intramolecular CH· · ·π
interactions [15], and by the well known ability of C–H bonds in methyl groups to eclipse
C–H bonds in aromatic planes [16,17].

I VIII
Figure 1. Extended π delocalization for the lowest (I) and highest (VIII) energy structures in
caffeine. This delocalization contains a ten π−electron aromatic core from the two fused rings and
contributions from the carbonyl groups. Notation: M1 is the methyl group at the top left of the
pyrimidine ring, M2 is the methyl group at the bottom of the pyrimidine ring and M3 is the methyl
group at the imidazole ring.

The ambiguity in the experimental position of the hydrogen atoms arises from two
sources. First, in the crystallographic reports [18–20], the methyl groups are held in frozen
positions within the solid state structures. Second, in the gas phase neutron scattering [21]
and electron diffraction experiments [22], the positions of the methylic hydrogens are
derived after fitting the internal rotations to empirically constructed rotational energy
profiles. Microwave spectroscopy would certainly remove the experimental uncertainty in
the location of the hydrogen atoms in methyl groups in caffeine, however, such studies
are not available. In this scenario, honoring Frank Weinhold on occasion of his 80th birth-
day, we resort to NBO and other analysis methods to resolve this structural conundrum.
NBO, developed over the last few decades in the group of Frank Weinhold [23–33], is a
widely used and highly successful strategy in the analysis of a large body of chemical
problems [34–60]. Specifically, for the conformational problem in caffeine, for each methyl
rotation, we study hyperconjugation, electron delocalization involving the methyl groups,
NBO donor–acceptor interactions, and the effect of all these factors on geometrical vari-
ables. In this manuscript, not only do we help removing the present ambiguity in the
determination of the conformation of the methyl groups in caffeine, but we also clearly
identify the causes for these structural preferences.
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2. Methods

In order to have an unbiased picture of the structural preferences for methylic hydro-
gens in caffeine, we ran relax scans in the following way: M3 is far removed from the other
two methyl groups (Figure 1), thus, this rotation was explored individually, however, the
two methyl groups in the pyrimidine ring are connected via the intermediate carbonyl
group, therefore, we computed two dimensional relaxed rotations for M1, M2 for both
possible eclipsed conformations of the C–H bond at M3 (eclipsing a carbonyl or eclipsing a
ring C–H) at the B3LYP–D3/6–311++G(d, p) level, chosen because it has proven accurate
and efficient in structural and spectroscopic studies of a family of related xanthines [61,62].
All stationary points afforded by these scans were then optimized while freezing the partic-
ular conformation of the methylic C–H bonds and characterized as either true minima or
saddle points at the same level. Determining explicit interactions of methyl groups with
environmental molecules would require detailed explorations of large potential energy
surfaces [47], as a first approximation to this issue, we study, under continuum models,
structural and energetic effects of solvation with water, acetone, acetonitrile, chloroform,
dichloromethane and toluene, a series of solvents for which explicit experimental solu-
bilities are available [63,64]. Highly correlated DLPNO–CCSD(T) energies with a tight
convergence criterion [65] were also calculated on the stationary points to establish accurate
relative energies. CCSD(T) is the present golden standard for accuracy in computational
chemistry as it recovers > 99.7% of electron correlation (See Table 11.7 in Ref. [66]), unfortu-
nately, CCSD(T) is extremely expensive as it scales with the size of the system as N7 (see
Table 7.5 in Ref. [67]), thus, CCSD(T) calculations with extended basis sets are prohibitive
even for moderate size molecules. DLPNO–CCSD(T) is an efficient alternative scheme that
recovers > 99.9% of the pure CCSD(T) energies at the cost of a typical DFT calculation
and scales linearly with N [68,69]. Reassuringly, Sandler and coworkers [70] very recently
explicitly stated “The errors in the DLPNO–CCSD(T) were found to be relatively insensitive
to the choice of basis set for small systems but increase monotonically with system size”. All
scans, geometry, frequency and solvent calculations were carried out using the Gaussian16
suite of programs [71]. DLPNO–CCSD(T) energies were computed using the ORCA 4.1.2.
program [72].

Once the structural problem is solved by the above methods, we analyze structural
preferences using NBO [23,28] as implemented in NBO7 [73], QTAIM [74] as implemented
in AIMAll [75] to determine if the in–plane hydrogen atoms from the methyl groups
interact with other atoms, and NCI [76] as implemented in NCIPLOT [77] for the same
purpose. Two formal NBO strategies are employed:

1. Hyperconjugation effects on electronic energies:

(a) The energy of a localized Lewis structure was constructed by deleting all non–
Lewis orbitals from the Fock matrix and then the hyperconjugative contributions
are obtained as the difference between the full and localized structures. This
procedure was repeated for each one of the eight conformers located in this work
as shown in Figure 2 and for the relaxed scans involving interconversion of I. via
the two lowest energy paths afforded by the structural analysis, namely I→II→I
and I→III→I.

(b) Specific hyperconjugative contributions from the methyl groups to the eight con-
formers in Figure 2 were obtained by deletion of all donor→acceptor interactions
involving the methyl groups.

2. Hyperconjugation effects on molecular geometries: following a strategy suggested
elsewhere [29,78–82], geometry optimizations for the rotations of the methyl groups
within the lowest energy structure were carried out by deleting all hyperconjugative
interactions involving each methyl group separately and then involving all methyl
groups simultaneously.
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I II III IV

V VI VII VIII

Figure 2. Eight possible structural conformers of caffeine holding one C–H bond from each methyl
group in the aromatic plane, as determined from relaxed scans for the rotation of each methyl group.
NCI green surfaces and bonding paths associated to the in–plane C–H bonds from the methyl groups
are shown. NCI red surfaces showing the strong non–bonded overlap at the center of the aromatic
cycles are also shown.

3. Results and Discussion
3.1. Validation of the Calculations

Besides the existing literature that supports the use of B3LYP–D3/6–311++G(d, p)
and other DFT methods to study caffeine [4,62], our own calculations solidify this choice
of model chemistry. First, bond distances and angles perfectly match experimental data
obtained using gas electron diffraction [22] as illustrated with the following four examples:
the central C–H bond at the imidazole ring was measured at 1.085 Å, our calculations
afford 1.080 Å. The experimental values of the C–N bonds attaching M1, M2, and M3 to
the fused rings are 1.464, 1.458 and 1.456 Å, the calculated values are 1.469, 1.464, and
1.459 Å, respectively. Second, the rotational barrier for M1 was estimated by Kim and
coworkers [61] after fitting the experimental data to model potentials at ≈0.286 kcal/mol,
our own B3LYP–D3 calculations afford 0.28 kcal/mol (see a detailed discussion of rotational
barriers below).

3.2. Aromaticity

The aromatic character of the pyrimidine/imidazole fused rings in caffeine has been
thoroughly discussed in the literature [9–11], with every single descriptor (NICS, ring
current, FLU, electron delocalization) pointing to a highly delocalized ten π−electron
system. Our own calculations show that the aromatic π core is further stabilized with
contributions from the two peripheral oxygen atoms constituent of the double C=O bonds
in localized Lewis structures. This extended delocalization of the π cloud, which is present
in every single conformer and is illustrated for the lowest (I) and highest (VIII) energy
structures in Figure 1, plays a crucial role in the hyperconjugative interactions that dictate
the structural preferences for the methyl hydrogens, as discussed below.
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3.3. Structures and Energies

The one dimensional scans for the rotation of the methyl group at the imidazole ring
afforded two groups of structures shown in Figure 2, with I and V having the lowest energy
within each group. A pictorial summary of the bidimensional scans for the coupled rota-
tions of the methyl groups at the pyrimidine ring is shown in Figure 3, the corresponding
energies for all conformations, relative to I, the lowest energy structure at all levels of
theory, are provided in Table 1. There are a few remarkable structural preferences whose
study are the focus of this work.

Table 1. Gas phase and solution energy differences in kcal/mol with respect to I, the lowest energy
structure, for all caffeine conformers shown in Figure 2. ∆E: purely electronic energies. ∆EZPE:
electronic energies corrected by the B3LYP–D3 ZPE. ∆∆G: relative Gibbs energies at room conditions.
Basis set: 6–311++G(d, p). ni: number of imaginary frequencies. CCSD(T) energies calculated under
the DLPNO–CCSD(T) formalism [68,69].

Conformer Dihedral ni
CCSD(T) B3LYP–D3 Water Acetone Acetonitrile Chloroform Dichloromethane Toluene

φ1 φ2 ∆E ∆EZPE ∆E ∆EZPE ∆∆G ∆EZPE ∆∆G ∆EZPE ∆∆G ∆EZPE ∆∆G ∆EZPE ∆∆G ∆EZPE ∆∆G ∆EZPE ∆∆G

I 0 180 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 60 180 1 0.3 0.2 0.3 0.2 1.1 0.2 1.0 0.2 0.9 0.2 1.0 0.2 0.9 0.2 0.9 0.2 0.9
III 0 120 1 0.4 0.3 0.2 0.1 0.8 0.1 1.0 0.1 0.9 0.1 1.0 0.1 0.9 0.1 0.9 0.1 1.0
IV 60 120 2 0.8 0.6 0.5 0.3 2.2 0.3 1.9 0.3 1.9 0.3 1.9 0.3 1.9 0.3 1.8 0.3 0.3
V 0 180 1 0.8 0.8 0.4 0.4 2.1 0.6 1.2 0.6 1.2 0.6 1.2 0.6 1.4 0.6 1.3 0.6 1.6
VI 60 180 1 1.1 1.0 0.7 0.6 1.8 0.8 2.3 0.8 2.3 0.8 2.3 0.8 1.1 0.8 0.8 0.7 1.4
VII 0 0 2 1.1 1.1 0.6 0.5 3.1 0.8 2.3 0.7 2.3 0.8 2.3 0.7 2.3 0.7 2.3 0.7 2.6
VIII 180 0 2 1.5 1.3 0.9 0.7 2.6 0.9 3.2 0.9 3.2 0.9 3.2 0.9 2.1 0.9 1.9 0.9 2.3

Most intriguing is that, overcoming steric hindrance, structures with bond eclipsing,
that is, with C–H bonds drawn into the aromatic plane, are energetically favored to the
point that conformations in which all methylic hydrogens are placed off-plane do not even
correspond to stationary points within the potential energy surface. A C–H bond in the
methyl attached to the imidazole ring eclipses a C–H in the ring. This is highly unusual
because if eclipsing of bonds occurs, C=O in pyrimidine to C–H in the imidazole methyl
eclipsation (structures V–VIII) should be highly favorable due to a strong inductive effect,
although the pyrimidinic carbonyl is four atoms apart so this is not exactly the 1,3-allylic
effect [13,14]. This puzzling C–H/C–H in plane eclipsation has already been observed
in thymine and was rationalized as being due to hyperconjugation in the form of charge
transfer from the aromatic ring to the methyl group and vice versa [16]. There is also
C–H/C=O eclipsing (1,3–allylic effect) in the pyrimidyne ring, however, only one of the
methyl groups behaves this way (structures III, IV, VII, VIII), the second methyl prefers
to eclipse a C–N bond in the imidazole ring (structures I, II, V, VI).

Small rotational barriers serve as a deep probe to understand at a fundamental level
the inter and intra molecular forces behind structural preferences. From an experimental
stance, even conformations separated by tiny rotational barriers as those in the present
case can be unveiled by microwave spectroscopy. The point is that injection of a puff
of a gaseous sample into a large vacuum cavity will lead to an expansion of the sample
such that molecular collisions cease to occur, leading to cooling of individual molecules to
rotational temperatures just a few degrees above 0 K, effectively freezing the molecules in
the preferred conformation (for a detailed discussion please see the experimental section
in Ref. [83]). According to Table 1, in the gas phase, all conformers are separated by very
small energies. If purely electronic energies are considered, no conformer is separated
by more than 0.9 kcal/mol from I at the DFT level or by 1.5 kcal/mol using CCSD(T), if
vibrational energies are considered, those differences barely exceed 0.7 or 1.3 kcal/mol,
however, when temperature, entropy and internal degrees of freedom are included, the
difference increases to 3.1 kcal/mol under the DFT Gibbs free energies. The energetic
picture is not altered in any sensitive way after the inclusion of the continuum solvent
or after improving the basis set to aug–cc-pVTZ, whose largest DLPNO–CCSD(T) energy
difference with respect to I in the gas phase is ≈1.8 kcal/mol. These numbers indicate
that, given the accuracy of computational methods, and since KBT = 0.6 kcal/mol at



Molecules 2022, 27, 1937 6 of 15

room conditions, all methyl groups should either act as free rotors or exhibit fluxional
behavior [39]. Indeed, internal rotational barriers for M1, M2, M3 have been reported on
the order of 0.25, 0.15, 0.45 kcal/mol, respectively [62], furthermore, interconversion paths
calculated in this work also afford very small barriers, the smallest one being 0.8 kcal/mol
under Gibbs energies for I→III→I, similarly, 1.1 kcal/mol are obtained for I→II→I. In
this context, small imaginary vibrational frequencies associated with methyl rotations are
irrelevant. Another important point is that energy differences for the (I, V), (II, VI), (III,
VII), (IV, VIII) pairs consistently afford ≈0.8 kcal/mol differences in purely electronic
CCSD(T) energies, thus, it should be clear that the methyl rotation at the imidazole ring is
unaffected by the distant conformations.

III VII

φ1

φ2

φ1

φ2

Figure 3. Two dimensional B3LYP–D3/6–311++G(d, p) relaxed scans to determine the conformations
of the two methyl groups (M1, M2) attached to the pyrimidine ring in the two possible conformations
of the methyl group attached to the imidazole ring (M3) in caffeine.
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3.4. Hyperconjugation Effects on Electronic Energies

We deleted all non-Lewis orbitals for each conformer and list the resulting energies in
Table 2. Except for III, deletion of non-Lewis orbitals switches the energy values in detri-
ment of I, clearly indicating that hyperconjugation is behind the structural preference of
caffeine. Hyperconjugation accounts for charge transfer from Lewis to non-Lewis orbitals
in the entire molecule, thus, to analyze the specific effect of the methyl groups, Figure 4
quantifies the energy associated with selective deletion of the orbitals affecting methyl
conformation for each conformer. The combined length of the box quantifies the energy
associated with deleting all non-Lewis (NL) orbitals involved in methyl donation and
reception of charge, dark rectangles correspond to deletions of the NL orbitals involved
only in charge donation from the methyl groups (deletions away from –CH3 as we did not
find any geminal hyperconjugation), light boxes account for the energy associated when
deleting NL orbitals in the methyl groups when those groups act as charge acceptors. The
20 orbital pairs involved in methyl donation and reception of charge are shown in Figure 5
for I.

Table 2. Energy of NBO deletions in kcal/mol for all conformers of caffeine in Figure 2. Indiscriminate
deletion: ∆E(L) = E(L)con f ormer − E(L)I: considering the fully localized Lewis structure (erasing

all non–Lewis orbitals from the Fock matrix). ∆E(NL) =
(

E f ull − E(L)
)

con f ormer
−

(
E f ull − E(L)

)
I
.

Selective deletion: deleting all interactions when the methyl group acts as donor or as acceptor
of charge.

Conformer ∆E(L) ∆E(NL) M1 M2 M3
Donor Acceptor Donor Acceptor Donor Acceptor

I 0.0 0.0 6.8 10.6 7.5 9.5 8.8 8.8
II −0.4 0.7 6.7 10.5 7.4 9.5 8.8 8.8
III 0.6 −0.4 6.8 10.6 7.4 9.5 8.8 8.8
IV 0.1 0.5 6.7 10.5 7.3 9.5 8.8 8.8
V −0.8 1.2 6.8 10.6 7.5 9.5 8.6 9.6
VI −1.2 1.8 6.7 10.5 7.4 9.5 8.6 9.6
VII −0.2 0.8 6.8 10.6 7.4 9.5 8.6 9.6
VIII −0.6 1.5 6.7 10.5 7.3 9.5 8.6 9.6

I II III IV V VI VII VIII
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Figure 4. Hyperconjugation contributions to the conformations of the methyl groups in caffeine (M1,
M2, M3 in Figure 2). Dark rectangles correspond to deletions of the NL orbitals involved only in
charge donation from the methyl groups, light boxes account for the energy associated when deleting
NL orbitals in the methyl groups when those groups act as charge acceptors
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nN → σ∗C−H nN → σ∗C−H nO → σ∗C−H nO → σ∗C−H
E

(2)
d→a = 5.1 E

(2)
d→a = 5.1 E

(2)
d→a = 0.8 E

(2)
d→a = 0.8

σN−C → σ∗C−H σC−H → σ∗N−C σC−H → σ∗N−C σC−H → σ∗N−C
E

(2)
d→a = 0.5 E

(2)
d→a = 3.0 E

(2)
d→a = 1.3 E

(2)
d→a = 1.3

nN → σ∗C−H nN → σ∗C−H nO → σ∗C−H σC−H → σ∗N−C σC−H → σ∗N−C σC−H → σ∗N−C
E

(2)
d→a = 5.2 E

(2)
d→a = 5.2 E

(2)
d→a = 0.7 E

(2)
d→a = 3.1 E

(2)
d→a = 1.5 E

(2)
d→a = 1.5

nN → σ∗C−H nN → σ∗C−H σC−N → σ∗C−H σC−H → σ∗N−C σC−H → σ∗N−C σC−H → σ∗N−C
E

(2)
d→a = 5.4 E

(2)
d→a = 5.4 E

(2)
d→a = 0.5 E

(2)
d→a = 3.7 E

(2)
d→a = 1.7 E

(2)
d→a = 1.7

Figure 5. Donor (solid surfaces)→ acceptor (meshed surfaces) orbital interactions for the conformer
I of caffeine. All interactions are of the vicinal type (no geminal or remote hyperconjugation). All
energies in kcal/mol.

For all methyl groups in caffeine, there is charge transfer in both directions (Figure 5),
which may be schematized as –CH3 � double ring. This observation is rationalized by
recalling that –CH3 is a strong σ electron donor group, thus, after donation, the non–Lewis
σ∗C−H orbitals are activated to act as acceptors of charge. Based on this bidirectional charge
transfer, NBO unambiguously explains why a C–H bond from the methyl group prefers to
eclipse either a C=O group (M1, M2) or a C–H bond in the aromatic plane (M3), as follows.
For the –CH3 → double ring charge transfer, the largest contributors are always of the
σC−H → σ∗N−C form (notice that the acceptor σ∗N−C orbitals are not the same for the three

methyl groups). Fittingly, E(2)
d→a for the in-plane interactions in the three methyl groups (3.0,

3.1, 3.7 kcal/mol for M1, M2, M3, respectively) are so large that, for a particular methyl,
this interaction actually exceeds the sum of all other –CH3 → double ring combined. In
addition, for the double ring→ –CH3 charge transfer, the in-plane C–H bonds from the
methyl groups position the three σ∗C−H orbitals such that two strong stabilization factors
are also favored: the overlap between the donor nN, nO orbitals and the two out-of-plane
acceptor σ∗C−H orbitals is maximized as seen in Figure 5, and the remaining in-plane σ∗C−H
is perfectly located to now interact with three donor orbitals in M1, and with one donor
orbital in the M2, M3 cases.

The final piece of evidence to unveil the reasons behind the conformational preferences
of methyl groups in caffeine is also afforded by NBO in that the sum of all E(2)

d→a for the M1
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conformation which places all C–H bonds out of plane (φ1 = 30◦, Figure 6) is 2.5 kcal/mol
lower than for I, which evidently supports the maximization of charge transfer interaction
energies for the preferred conformation. In summary, NBO provides solid evidence to
explain conformational preferences for the methyl groups in caffeine because when C–H
bonds from the methyl groups eclipse C=O bonds (M1, M2) or C–H bonds (M3), the
magnitudes of the donor→ acceptor interaction energies are maximized in both directions.

Under a purely quantitative perspective, the preferred conformation of M3, eclipsing
a methyl C–H bond with a ring C–H, affords the largest donor→acceptor hyperconjugation
energies (Figure 4). Thus, although energy barriers for all methyl rotations are quite small
(0.25, 0.15, 0.43 kcal/mol for M1, M2, M3, respectively [62] and similar values obtained
here as listed in Table 1), M3 stands as the most important group in determining the overall
structure of caffeine.

We also deleted all NL orbitals for the I→II→I and I→III→I interconversions and
show the resulting relaxed scans in Figure 6, which contains the following plots: the full
electronic energy relaxed scans (blue curves), the scans for the Lewis structures (green
curves) and a quantification of the hyperconjugation effect as the difference between the
energies of the pure Lewis structure and the full electronic energies (golden curves). The
minima at both green and golden profiles in Figure 6 (φ1, φ2 = 30◦, 90◦) correspond to
structures where all three C–H bonds in M1 or M2 are located off-plane, as the classical
steric repulsion would indicate. However, since these structures are not stationary points
within the blue profiles, this is clear evidence that hyperconjugation overcomes steric
hindrance and leads to C–H eclipsing with C=O in the preferred conformation of M1, and
to C–H eclipsing with C=O or with the aromatic ring in the preferred conformations of
M2. This observation is yet another example in a long list of catastrophic failures that
plague general and “advanced” chemistry books when rationalizing chemical bonding
and structural preferences, failures that are a consequence of too primitive and inadequate
classical treatments. Weinhold himself has championed a revision of these issues, [30–32]
specifically asking “when will chemistry textbooks begin to serve as aids, rather than barriers, to
this enriched quantum–mechanical perspective on how molecular turnstiles work?” [30].

Figure 6. B3LYP–D3/6–311++G(d, p) energy profiles for the interconversion of I into itself via the
two lowest energy barrier paths (see Figure 3). Top: full electronic energy paths. Bottom: deleting
all hyperconjugative interactions (green lines) and the associated energy difference with the full
electronic energy (golden lines).
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3.5. Hyperconjugation Effects on Molecular Geometries

NBO7 imposes a limit of 50 geometrical variables that can be optimized upon deletion
of hyperconjugative interactions, thus, to stay under this limit, in this work we selectively
removed all non–Lewis orbitals involved in the bidirectional –CH3 � aromatic charge
transfer. Notice that under these circumstances, only the four bonds in each H3C–N group,
as well as the associated angles and dihedrals, are allowed to change. These selective
deletions lead to geometrical changes as shown in Figure 7. The observed geometrical
changes uncover the delicate interplay between hyperconjugation and more classical
concepts such as steric repulsion and electrostatic interactions in molecular structures. Two
significant effects are observed. First, there is a sensible enlargement of up to 8% in the C–N
bond distances in the resulting structures. Second, no C–H bond lies now in the heavy atom
plane, with deviations from planarity of ≈18◦, 28◦, 3◦ for M1, M2, and M3, respectively,
as measured by the corresponding H–C–N–C dihedral. These results add solid support
to the insight gathered from the above analyzed scans (Figure 6) and conclusively show
that in the absence of the –CH3 � aromatic bidirectional charge, steric repulsion would
dictate the conformation of the methyl groups, in other words, the seemingly modest
orbital interactions between the methyl groups and the aromatic system, overcome the a
priori stronger steric repulsion to finally determine the structure of caffeine.

Figure 7. Hyperconjugative effects on the molecular geometry of caffeine. Selectively removing
all non-Lewis orbitals involved in the bidirectional –CH3 � aromatic charge transfer leads to an
enlargement of the C–N bonds in the H3C–N groups and to out of plane C–H bonds (blue structures).

3.6. QTAIM and NCI Analysis

Our results indicate that for the particular case of the methyl rotation in caffeine, both
QTAIM and NCI afford misleading results which actually strengthen the NBO picture
and lead us to state that conformational preferences in caffeine are exclusively due orbital
interactions. This conclusion is based on the following observations:

1. Within the respective thresholds, both QTAIM and NCI fail to detect any intramolecular
interactions associated to the stabilization of the eclipsed C–H/C–H conformations
(Structures I–IV, Figure 2) while NBO clearly identifies bidirectional –CH3 � aromatic
charge transfer as the mechanism behind this conformational preference (bottom row of
Figure 5).

2. Bonding paths are obtained only for the M3· · ·Carbonyl interactions (Structures V–VII,
Figure 2). Thus, QTAIM suggests a wrong conformation for M3 favoring the 1,4-
allylic effect over the C-H/C-H eclipsing and even over the 1,3-allylic effect while
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saying nothing about the conformational preferences of M1 and M2. The very small
accumulation of electron density at the bond critical points, ρ(rc) ≈ 1.2× 10−2 a. u.,
about half that of the water dimer [43,44], a well studied weakly bonded system, is a
good descriptor of the tiny rotational barriers.

3. NCI affords green (with a small amount of red) surfaces for all conformations of M1
and M2, and only for the M3 conformation which eclipses a carbonyl group (Figure 2).
However, the sizes of the surfaces suggest that the wrong conformation of M3 should
be preferred since nothing can be inferred from structure I–IV.

3.7. Methyl Rotation and Biological Activity

Caffeine is metabolized in the liver via single demethylation by the cytochrome P450
oxidase enzyme [84–86]. Gratifyingly, despite being an enzymatic reaction, there is an
inverse correlation (see Figure 8) between the size of the internal rotational barriers for
the methyl groups and their ability to demethylate, thus, smaller barriers are tied to better
leaving groups. It is well established that each demethylation produces a different active
derivative, therefore, demethylation of M2 (the smallest barrier) yields paraxantine, which
increases lipolysis and leads to high levels of fatty acids in blood, demethylation of M1
(the intermediate barrier) yields theobromine, which dilates blood vessels, and elimination
of M3 (the largest barrier) yields theophylline, which is a muscle relaxant. The reader is
advised to recognize that correlation does not mean causation, nonetheless, all the evidence
provided in this manuscript, leads us to establish a strong link between hyperconjugative
effects affecting methyl rotations and the biological activity of caffeine and its demethylated
derivatives.

Figure 8. Ability to eliminate methyl groups in caffeine as a function of the rotational barrier.
Experimental data (red squares) taken from Ref. [87].
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4. Summary and Conclusions

The most important conclusion of this work, which removes all experimental ambigu-
ities in the assignation of the molecular geometry, is that bidirectional –CH3 � aromatic
charge transfer is responsible for the three methyl groups in caffeine adopting uncommon
conformations, each one placing a C–H bond on the same plane of the aromatic ring.

Aided by tiny rotational barriers, no larger than 1.3 kcal/mol at the DLPNO–CCSD(T)
level, which render each methyl group a free rotor or a fluxional conformation at room
conditions, the equilibrium conformations overcome steric repulsion to yield 1,3 C–H/C=O,
C–H/C–N, and C–H/C–H bond eclipsation. The most significant contributors to the
hyperconjugative effect driving structural preferences in caffeine within the NBO donor
→ acceptor orbital paradigm are nN → σ∗C−H, nO → σ∗C−H, σN−C → σ∗C−H, σC−H → σ∗N−C.
For each methyl group, the geometrical arrangement placing one C–H bond in the aromatic
plane maximizes the magnitudes of the donor→ acceptor interactions. Inclusion of solvent
effects via continuum models make no difference in the conformational preferences or in
the energetics of the problem. For the particular case of methyl rotation in caffeine, QTAIM
and NCI afford negative results, effectively providing strong support to the observation
that orbital interactions are exclusively behind the conformational preferences that place
C–H bonds in the aromatic plane, leading to the anomalous eclipsing of C–H bonds with
large groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27061937/s1, Cartesian coordinates for the optimized
conformers in Figure 2.
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10. Jovanović, S.; Puchta, R.; Klisurić, O.; Živadin D. Bugarčić. Crystal structure of K[PtCl3(caffeine)] and its interactions with
important nitrogen-donor ligands. J. Coord. Chem. 2016, 69, 735–747. [CrossRef]

11. Gibson, C.M.; Fowler, P.W. Aromaticity of caffeine, xanthine and the dimethyl xanthines. Tetrahedron Lett. 2014, 55, 2078–2081.
[CrossRef]

12. Senthilnithy, R.; Weerasingha, M.; Dissanayake, D. Interaction of caffeine dimers with water molecules. Comput. Theor. Chem.
2014, 1028, 60–64. [CrossRef]

13. Bach, T.; Jödicke, K.; Kather, K.; Fröhlich, R. 1,3-Allylic Strain as a Control Element in the Paterno-Buchi Reaction of Chiral Silyl
Enol Ethers: Synthesis of Diastereomerically Pure Oxetanes Containing Four Contiguous Stereogenic Centers. J. Am. Chem. Soc.
1997, 119, 2437–2445. [CrossRef]

14. Hoffmann, R.W. Allylic 1,3-strain as a controlling factor in stereoselective transformations. Chem. Rev. 1989, 89, 1841–1860.
[CrossRef]

15. Suezawa, H.; Yoshida, T.; Hirota, M.; Takahashi, H.; Umezawa, Y.; Honda, K.; Tsuboyama, S.; Nishio, M. The CH· · ·π interaction
as an important factor in the crystal packing and in determining the structure of clathrates. J. Chem. Soc. Perkin Trans. 2 2001,
2053–2058. [CrossRef]

16. Rengifo, E.; Gómez, S.; Arce, J.C.; Weinhold, F.; Restrepo, A. The role of hyperconjugation in the unusual conformation of
thymine: A natural bond orbital analysis. Comput. Theor. Chem. 2018, 1130, 58–62. [CrossRef]

17. Utzat, K.; Restrepo, A.A.; Bohn, R.K.; Michels, H.H. Conformational studies of benzyl alcohol and benzyl fluoride. Int. J.
Quantum Chem. 2004, 100, 964–972. [CrossRef]

18. Sutor, D.J. The structures of the pyrimidines and purines. VII. The crystal structure of caffeine. Acta Crystallogr. 1958, 11, 453–458.
[CrossRef]

19. Edwards, H.G.M.; Lawson, E.; de Matas, M.; Shields, L.; York, P. Metamorphosis of caffeine hydrate and anhydrous caffeine. J.
Chem. Soc. Perkin Trans. 2 1997, 1985–1990. [CrossRef]

20. Gerdil, R.; Marsh, R. On the arrangement of the water molecules in the crystal structure of caffeine. Acta Crystallogr. 1960,
13, 166–167. [CrossRef]

21. Prager, M.; Pawlukojc, A.; Wischnewski, A.; Wuttke, J. Inelastic neutron scattering study of methyl groups rotation in some
methylxanthines. J. Chem. Phys. 2007, 127, 214509. [CrossRef] [PubMed]

22. Egawa, T.; Kamiya, A.; Takeuchi, H.; Konaka, S. Molecular structure of caffeine as determined by gas electron diffraction aided
by theoretical calculations. J. Mol. Struct. 2006, 825, 151–157. [CrossRef]

23. Weinhold, F.; Landis, C.R. Discovering Chemistry with Natural Bond Orbitals; Wiley-VCH: Hoboken, NJ, USA, 2012; 319p.
24. Reed, A.E.; Curtiss, L.A.; Weinhold, F. Intermolecular interactions from a natural bond orbital, donor-acceptor viewpoint. Chem.

Rev. 1988, 88, 899–926. [CrossRef]
25. Reed, A.E.; Weinhold, F. Natural bond orbital analysis of near-Hartree–Fock water dimer. J. Chem. Phys. 1983, 78, 4066–4073.

[CrossRef]
26. Weinhold, F.; Landis, C.; Glendening, E. What is NBO analysis and how is it useful? Int. Rev. Phys. Chem. 2016, 35, 399–440.

[CrossRef]
27. Reed, A.E.; Weinhold, F.; Curtiss, L.A.; Pochatko, D.J. Natural bond orbital analysis of molecular interactions: Theoretical studies

of binary complexes of HF, H2O, NH3, N2, O2, F2, CO, and CO2 with HF, H2O, and NH3. J. Chem. Phys. 1986, 84, 5687–5705.
[CrossRef]

28. Glendening, E.D.; Landis, C.R.; Weinhold, F. Natural bond orbital methods. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 1–42.
[CrossRef]

29. Jiao, Y.; Weinhold, F. NBO/NRT Two-State Theory of Bond-Shift Spectral Excitation. Molecules 2020, 25, 4052. [CrossRef]
[PubMed]

30. Weinhold, F. A new twist on molecular shape. Nature 2001, 411, 539–541. [CrossRef]

http://dx.doi.org/10.1039/b719874d
http://www.ncbi.nlm.nih.gov/pubmed/18464999
http://dx.doi.org/10.1016/j.saa.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23831977
http://dx.doi.org/10.1016/j.theochem.2003.10.074
http://dx.doi.org/10.1007/s00894-018-3857-7
doi: 10.1021/acs.jmedchem.1c00261
doi: 10.1021/acs.jmedchem.1c00261
http://dx.doi.org/10.1021/acs.jmedchem.1c00261
http://dx.doi.org/10.1111/j.1750-3841.2010.01561.x
http://dx.doi.org/10.1016/j.comptc.2020.112811
http://dx.doi.org/10.1080/00958972.2016.1146257
http://dx.doi.org/10.1016/j.tetlet.2014.02.027
http://dx.doi.org/10.1016/j.comptc.2013.11.025
http://dx.doi.org/10.1021/ja963827v
http://dx.doi.org/10.1021/cr00098a009
http://dx.doi.org/10.1039/b106052j
http://dx.doi.org/10.1016/j.comptc.2018.03.005
http://dx.doi.org/10.1002/qua.20154
http://dx.doi.org/10.1107/S0365110X58001286
http://dx.doi.org/10.1039/a702041d
http://dx.doi.org/10.1107/S0365110X60000376
http://dx.doi.org/10.1063/1.2803187
http://www.ncbi.nlm.nih.gov/pubmed/18067366
http://dx.doi.org/10.1016/j.molstruc.2006.04.024
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1063/1.445134
http://dx.doi.org/10.1080/0144235X.2016.1192262
http://dx.doi.org/10.1063/1.449928
http://dx.doi.org/10.1002/wcms.51
http://dx.doi.org/10.3390/molecules25184052
http://www.ncbi.nlm.nih.gov/pubmed/32899858
http://dx.doi.org/10.1038/35079225


Molecules 2022, 27, 1937 14 of 15

31. Suidan, L.; Badenhoop, J.K.; Glendening, E.D.; Weinhold, F. Common Textbook and Teaching Misrepresentations of Lewis
Structures. J. Chem. Educ. 1995, 72, 583. [CrossRef]

32. Weinhold, F.; Klein, R.A. Anti-Electrostatic Hydrogen Bonds. Angew. Chem. Int. Ed. 2014, 53, 11214–11217. [CrossRef] [PubMed]
33. Weinhold, F. Natural bond critical point analysis: Quantitative relationships between natural bond orbital-based and QTAIM-

based topological descriptors of chemical bonding. J. Comput. Chem. 2012, 33, 2440–2449. [CrossRef] [PubMed]
34. Pophristic, V.; Goodman, L. Hyperconjugation not steric repulsion leads to the staggered structure of ethane. Nature 2001,

411, 565–568. [CrossRef] [PubMed]
35. Rojas-Valencia, N.; Ibargüen, C.; Restrepo, A. Molecular interactions in the microsolvation of dimethylphosphate. Chem. Phys.

Lett. 2015, 635, 301–305. [CrossRef]
36. Acelas, N.; Flórez, E.; Hadad, C.; Merino, G.; Restrepo, A. A Comprehensive Picture of the Structures, Energies, and Bonding in

[SO4(H2O)n]2−, n = 1–6. J. Phys. Chem. A 2019, 123, 8650–8656. [CrossRef]
37. Rojas-Valencia, N.; Gómez, S.; Montillo, S.; Manrique-Moreno, M.; Cappelli, C.; Hadad, C.; Restrepo, A. Evolution of Bonding

during the Insertion of Anionic Ibuprofen into Model Cell Membranes. J. Phys. Chem. B 2020, 124, 79–90. [CrossRef]
38. Rojas-Valencia, N.; Gómez, S.; Guerra, D.; Restrepo, A. A detailed look at the bonding interactions in the microsolvation of

monoatomic cations. Phys. Chem. Chem. Phys. 2020, 22, 13049–13061. [CrossRef]
39. Gómez, S.; Osorio, E.; Dzib, E.; Islas, R.; Restrepo, A.; Merino, G. Revisiting the Rearrangement of Dewar Thiophenes. Molecules

2020, 25, 284. [CrossRef]
40. Gómez, S.; Ramírez-Malule, H.; Cardona-G, W.; Osorio, E.; Restrepo, A. Double-Ring Epimerization in the Biosynthesis of

Clavulanic Acid. J. Phys. Chem. A 2020, 124, 9413–9426. [CrossRef]
41. Rojas-Valencia, N.; Gómez, S.; Núñez-Zarur, F.; Cappelli, C.; Hadad, C.; Restrepo, A. Thermodynamics and Intermolecular

Interactions during the Insertion of Anionic Naproxen into Model Cell Membranes. J. Phys. Chem. B 2021, 125, 10383–10391.
[CrossRef]

42. Gómez, S.A.; Rojas-Valencia, N.; Gómez, S.; Egidi, F.; Cappelli, C.; Restrepo, A. Binding of SARS-CoV-2 to Cell Receptors: A Tale
of Molecular Evolution. ChemBioChem 2021, 22, 724–732. [CrossRef] [PubMed]

43. Gómez, S.; Rojas-Valencia, N.; Gómez, S.A.; Cappelli, C.; Merino, G.; Restrepo, A. A molecular twist on hydrophobicity. Chem.
Sci. 2021, 12, 9233–9245. [CrossRef] [PubMed]

44. Gomez, S.A.; Rojas-Valencia, N.; Gomez, S.; Cappelli, C.; Restrepo, A. The role of spike protein mutations in the infectious power
of SARS-COV-2 variants: A molecular interaction perspective. ChemBioChem 2021. [CrossRef] [PubMed]

45. David, J.; Gomez, S.; Guerra, D.; Guerra, D.; Restrepo, A. A Comprehensive Picture of the Structures, Energies, and Bonding in
the Alanine Dimers. ChemPhysChem 2021, 22, 2401–2412. [CrossRef]

46. Tobón, P.; Gómez, S.; Restrepo, A.; Núñez-Zarur, F. Role of Substrate Substituents in Alkene Metathesis Mediated by a Ru
Alkylidene Catalyst. Organometallics 2021, 40, 119–133. [CrossRef]

47. Uribe, L.; Gómez, S.; Giovannini, T.; Egidi, F.; Restrepo, A. An efficient and robust procedure to calculate absorption spectra of
aqueous charged species applied to NO2

−. Phys. Chem. Chem. Phys. 2021, 23, 14857–14872. [CrossRef]
48. Giraldo, C.; Gómez, S.; Weinhold, F.; Restrepo, A. Insight into the Mechanism of the Michael Reaction. ChemPhysChem 2016,

17, 2022–2034. [CrossRef]
49. Farfán, P.; Gómez, S.; Restrepo, A. Dissection of the Mechanism of the Wittig Reaction. J. Org. Chem. 2019, 84, 14644–14658.

[CrossRef]
50. Farfán, P.; Echeverri, A.; Diaz, E.; Tapia, J.D.; Gómez, S.; Restrepo, A. Dimers of formic acid: Structures, stability, and double

proton transfer. J. Chem. Phys. 2017, 147, 044312. [CrossRef]
51. Gómez, S.; Oueis, Y.; Restrepo, A.; Wasserman, A. Partition potential for hydrogen bonding in formic acid dimers. Int. J. Quantum

Chem. 2019, 119, e25814. [CrossRef]
52. Llano, S.; Gómez, S.; Londoño, J.; Restrepo, A. Antioxidant activity of curcuminoids. Phys. Chem. Chem. Phys. 2019, 21, 3752–3760.

[CrossRef]
53. Zapata-Escobar, A.D.; Murillo-López, J.A.; Hadad, C.; Restrepo, A. Understanding the nature of bonding interactions in the

carbonic acid dimers. J. Mol. Model. 2019, 25, 20. [CrossRef] [PubMed]
54. Gómez, S.; Restrepo, A.; Hadad, C.Z. Theoretical tools to distinguish O-ylides from O-ylidic complexes in carbene–solvent

interactions. Phys. Chem. Chem. Phys. 2015, 17, 31917–31930. [CrossRef] [PubMed]
55. Coa, J.C.; Cardona-Galeano, W.; Restrepo, A. Fe3+ chelating quinoline–hydrazone hybrids with proven cytotoxicity, leishmanici-

dal, and trypanocidal activities. Phys. Chem. Chem. Phys. 2018, 20, 20382–20390. [CrossRef] [PubMed]
56. Florez, E.; Acelas, N.; Ramírez, F.; Hadad, C.; Restrepo, A. Microsolvation of F-. Phys. Chem. Chem. Phys. 2018, 20, 8909–8916.

[CrossRef]
57. Moreno, N.; Restrepo, A.; Hadad, C. Exotic species with explicit noble metal–noble gas–noble metal linkages. Phys. Chem. Chem.

Phys. 2018, 20, 5036–5045. [CrossRef] [PubMed]
58. Zapata-Escobar, A.D.; Cárcamo-Camacho, T.; Hadad, C.; Restrepo, A. On the nature of the trimer, tetramer, and pentamer of

ammonia borane. Theor. Chem. Accounts 2016, 135, 95. [CrossRef]
59. Flórez, E.; Acelas, N.; Ibargüen, C.; Mondal, S.; Cabellos, J.L.; Merino, G.; Restrepo, A. Microsolvation of NO3

−: Structural
exploration and bonding analysis. RSC Adv. 2016, 6, 71913–71923. [CrossRef]

http://dx.doi.org/10.1021/ed072p583
http://dx.doi.org/10.1002/anie.201405812
http://www.ncbi.nlm.nih.gov/pubmed/25196556
http://dx.doi.org/10.1002/jcc.23057
http://www.ncbi.nlm.nih.gov/pubmed/22837020
http://dx.doi.org/10.1038/35079036
http://www.ncbi.nlm.nih.gov/pubmed/11385566
http://dx.doi.org/10.1016/j.cplett.2015.06.064
http://dx.doi.org/10.1021/acs.jpca.9b07033
http://dx.doi.org/10.1021/acs.jpcb.9b09705
http://dx.doi.org/10.1039/D0CP00428F
http://dx.doi.org/10.3390/molecules25020284
http://dx.doi.org/10.1021/acs.jpca.0c05427
http://dx.doi.org/10.1021/acs.jpcb.1c06766
http://dx.doi.org/10.1002/cbic.202000618
http://www.ncbi.nlm.nih.gov/pubmed/32986926
http://dx.doi.org/10.1039/D1SC02673A
http://www.ncbi.nlm.nih.gov/pubmed/34276953
http://dx.doi.org/10.1002/cbic.202100393
http://www.ncbi.nlm.nih.gov/pubmed/34529328
http://dx.doi.org/10.1002/cphc.202100585
http://dx.doi.org/10.1021/acs.organomet.0c00482
http://dx.doi.org/10.1039/D1CP00652E
http://dx.doi.org/10.1002/cphc.201600166
http://dx.doi.org/10.1021/acs.joc.9b02224
http://dx.doi.org/10.1063/1.4985880
http://dx.doi.org/10.1002/qua.25814
http://dx.doi.org/10.1039/C8CP06708B
http://dx.doi.org/10.1007/s00894-018-3907-1
http://www.ncbi.nlm.nih.gov/pubmed/30610383
http://dx.doi.org/10.1039/C5CP04783H
http://www.ncbi.nlm.nih.gov/pubmed/26568481
http://dx.doi.org/10.1039/C8CP04174A
http://www.ncbi.nlm.nih.gov/pubmed/30043008
http://dx.doi.org/10.1039/C8CP00819A
http://dx.doi.org/10.1039/C7CP08085A
http://www.ncbi.nlm.nih.gov/pubmed/29388644
http://dx.doi.org/10.1007/s00214-016-1853-5
http://dx.doi.org/10.1039/C6RA15059D


Molecules 2022, 27, 1937 15 of 15

60. Echeverri, A.; Moreno, N.; Restrepo, A.; Hadad, C. Exotic noble gas carbene-like ions. Chem. Phys. Lett. 2014, 615, 16–20.
[CrossRef]

61. Kim, D.; Yang, K.Y.; Kim, H.M.; Kim, T.R.; Kim, N.J.; Shin, S.; Kim, S.K. Site-dependent effects of methylation on the electronic
spectra of jet-cooled methylated xanthine compounds. Phys. Chem. Chem. Phys. 2017, 19, 22375–22384. [CrossRef]

62. Gómez, S.; Giovannini, T.; Cappelli, C. Absorption spectra of xanthines in aqueous solution: A computational study. Phys. Chem.
Chem. Phys. 2020, 22, 5929–5941. [CrossRef] [PubMed]

63. Edwards, Q.A.; Lunat, I.; Neale, L.; Kulikov, S.M. Distribution of caffeine between selected water-organic solvent media. Int. J.
Chem. Sci. 2015, 13, 1218–1226.

64. Shalmashi, A.; Golmohammad, F. Solubility of caffeine in water, ethyl acetate, ethanol, carbon tetrachloride, methanol, chloroform,
dichloromethane, and acetone between 298 and 323 K. Lat. Am. Appl. Res. 2010, 40, 283.

65. Liakos, D.G.; Sparta, M.; Kesharwani, M.K.; Martin, J.M.L.; Neese, F. Exploring the Accuracy Limits of Local Pair Natural Orbital
Coupled-Cluster Theory. J. Chem. Theory Comput. 2015, 11, 1525–1539. [CrossRef] [PubMed]

66. Jensen, F. Introduction to Computational Chemistry; John Wiley & Sons: Hoboken, NJ, USA, 2017.
67. Cramer, C.J. Essentials of Computational Chemistry: Theories and Models; John Wiley & Sons: Hoboken, NJ, USA, 2013.
68. Riplinger, C.; Sandhoefer, B.; Hansen, A.; Neese, F. Natural triple excitations in local coupled cluster calculations with pair natural

orbitals. J. Chem. Phys. 2013, 139, 134101. [CrossRef]
69. Riplinger, C.; Neese, F. An efficient and near linear scaling pair natural orbital based local coupled cluster method. J. Chem. Phys.

2013, 138, 034106. [CrossRef]
70. Sandler, I.; Chen, J.; Taylor, M.; Sharma, S.; Ho, J. Accuracy of DLPNO-CCSD(T): Effect of Basis Set and System Size. J. Phys.

Chem. A 2021, 125, 1553–1563. [CrossRef]
71. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 16 Revision B.01; Gaussian Inc.: Wallingford, CT, USA, 2016.
72. Neese, F. The ORCA program system. WIREs Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
73. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, J.E.; Bohmann, J.A.; Morales, C.M.; Karafiloglou, P.; Landis, C.R.;

Weinhold, F. NBO 7.0; Theoretical Chemistry Institute, University of Wisconsin: Madison, WI, USA, 2018.
74. Bader, R. Atoms in Molecules: A Quantum Theory; Oxford University Press: Oxford, UK, 1990.
75. Keith, T. AIMALL (Version 19.10.12); TK Gristmill Software: Overland Park, KS, USA, 2019. Available online: aim.tkgristmill.com

(accessed on 28 October 2021).
76. Johnson, E.R.; Keinan, S.; Mori-Sánchez, P.; Contreras-García, J.; Cohen, A.J.; Yang, W. Revealing Noncovalent Interactions. J. Am.

Chem. Soc. 2010, 132, 6498–6506. [CrossRef]
77. Contreras-García, J.; Johnson, E.R.; Keinan, S.; Chaudret, R.; Piquemal, J.P.; Beratan, D.N.; Yang, W. NCIPLOT: A Program for

Plotting Noncovalent Interaction Regions. J. Chem. Theory Comput. 2011, 7, 625–632. [CrossRef]
78. Sinha, R.K. Ab initio and NBO studies of methyl internal rotation in 1-methyl-2 (1H)-quinolinone: Effect of aromatic substitution

to 1-methyl-2 (1H)-pyridone. J. Mol. Model. 2020, 26, 92. [CrossRef] [PubMed]
79. Wood, B.M.; Forse, A.C.; Persson, K.A. Aromaticity as a Guide to Planarity in Conjugated Molecules and Polymers. J. Phys. Chem.

C 2020, 124, 5608–5612. [CrossRef]
80. Pros, G.J.; Bloomfield, A.J. Why do N-alkylated anilides bend over? The factors dictating the divergent conformational preferences

of 2 and 3 N-aryl amides. J. Phys. Chem. A 2019, 123, 7609–7618. [CrossRef] [PubMed]
81. Nagesh, J. Cross-Talk between Overlap Interactions in Biomolecules: A Case Study of the β-Turn Motif. Molecules 2021, 26, 1533.

[CrossRef] [PubMed]
82. Alabugin, I.V.; Kuhn, L.; Krivoshchapov, N.V.; Mehaffy, P.; Medvedev, M.G. Anomeric effect, hyperconjugation and electrostatics:

Lessons from complexity in a classic stereoelectronic phenomenon. Chem. Soc. Rev. 2021, 50, 10212–10252. [CrossRef] [PubMed]
83. Restrepo, A.A.; Bohn, R.K. Alkyl chains with CN and CCH substituents prefer gauche conformations. J. Mol. Struct. 2007,

833, 189–196. [CrossRef]
84. Kot, M.; Daniel, W.A. Caffeine as a marker substrate for testing cytochrome P450 activity in human and rat. Pharmacol. Rep. 2008,

60, 789.
85. Begas, E.; Kouvaras, E.; Tsakalof, A.; Papakosta, S.; Asprodini, E. In vivo evaluation of CYP1A2, CYP2A6, NAT-2 and xanthine

oxidase activities in a Greek population sample by the RP-HPLC monitoring of caffeine metabolic ratios. Biomed. Chromatogr.
2007, 21, 190–200. [CrossRef]

86. Benowitz, N.L.; Jacob, P., III.; Mayan, H.; Denaro, C. Sympathomimetic effects of paraxanthine and caffeine in humans. Clin.
Pharmacol. Ther. 1995, 58, 684–691. [CrossRef]

87. Thorn, C.F.; Aklillu, E.; McDonagh, E.M.; Klein, T.E.; Altman, R.B. PharmGKB summary: Caffeine pathway. Pharmacogenet.
Genom. 2012, 22, 389. [CrossRef]

http://dx.doi.org/10.1016/j.cplett.2014.09.059
http://dx.doi.org/10.1039/C7CP03380J
http://dx.doi.org/10.1039/C9CP05420K
http://www.ncbi.nlm.nih.gov/pubmed/32115599
http://dx.doi.org/10.1021/ct501129s
http://www.ncbi.nlm.nih.gov/pubmed/26889511
http://dx.doi.org/10.1063/1.4821834
http://dx.doi.org/10.1063/1.4773581
http://dx.doi.org/10.1021/acs.jpca.0c11270
http://dx.doi.org/10.1002/wcms.81
aim.tkgristmill.com
http://dx.doi.org/10.1021/ja100936w
http://dx.doi.org/10.1021/ct100641a
http://dx.doi.org/10.1007/s00894-020-04358-9
http://www.ncbi.nlm.nih.gov/pubmed/32246205
http://dx.doi.org/10.1021/acs.jpcc.0c01064
http://dx.doi.org/10.1021/acs.jpca.9b04555
http://www.ncbi.nlm.nih.gov/pubmed/31408353
http://dx.doi.org/10.3390/molecules26061533
http://www.ncbi.nlm.nih.gov/pubmed/33799657
http://dx.doi.org/10.1039/D1CS00564B
http://www.ncbi.nlm.nih.gov/pubmed/34542133
http://dx.doi.org/10.1016/j.molstruc.2006.09.020
http://dx.doi.org/10.1002/bmc.736
http://dx.doi.org/10.1016/0009-9236(95)90025-X
http://dx.doi.org/10.1097/FPC.0b013e3283505d5e

	Introduction
	Methods
	Results and Discussion
	Validation of the Calculations
	Aromaticity
	Structures and Energies
	Hyperconjugation Effects on Electronic Energies
	Hyperconjugation Effects on Molecular Geometries
	QTAIM and NCI Analysis
	Methyl Rotation and Biological Activity

	Summary and Conclusions
	References

